Proteins that end with a CAAX sequence are targeted to cellular membranes by a series of posttranslational modifications that include prenylation, proteolysis, and carboxyl methylation. Two prenyltransferases modify CAAX proteins: farnesyltransferase and geranylgeranyltransferase type I (GGTase-I). Rho family GTPases that control the actin cytoskeleton and are therefore critical to inflammatory cell function are substrates for GGTase-I. In this issue of the JCI, Khan et al. examined mice in which GGTase-I was conditionally deleted in macrophages. Rather than obtunded cells, the authors found activated Rho proteins in fully functional macrophages that hypersecreted inflammatory cytokines and induced an erosive, inflammatory arthritis. This surprising result calls into question the role of protein geranylgeranylation in inflammatory cell signaling.
The most interesting results in experimental biology are those that are unexpected. Never has this been truer than in the age of transgenic mice. Now that we can manipulate the rodent genome at will, we are frequently dumbfounded. H-Ras, the protagonist of decades of studies of cell signaling, turned out to be entirely dispensable (1) . TGF-b1, thought to be a growth factor, proved to be critically important to the immune system, where it protects against massive inflammatory infiltration of vital organs (2) . We can now add to this list of perplexing results the data reported in this issue of the JCI by Khan et al. (3) . These investigators tested the hypothesis that deficiency in macrophages of an enzyme that prenylates a variety of key signaling molecules would ameliorate inflammation. Instead, they found hyperactivated macrophages that secreted inflammatory cytokines and induced an autoimmune inflammatory arthritis resembling human rheumatoid arthritis.
Protein prenylation and Rho GTPases
To appreciate why the authors expected mice lacking geranylgeranyltransferase type I (GGTase-I) in macrophages to be protected from inflammatory disease, one must understand the fundamentals of posttranslational processing of the Ras superfamily of small GTPases. Mammalian genomes encode more than 150 small GTPases that operate as binary switches and control a wide range of cellular functions, including growth, differentiation, motility, and vesicular trafficking (4) . Most small GTPases are constitutively and efficiently posttranslationally modified with lipids that are believed to target the proteins to the cellular membranes upon which they perform their various functions. The pathways through which these modifications occur are highly conserved from yeast to humans. Ras and Rho family GTPases terminate in a CAAX sequence that is modified by prenylation with one of two polyisoprene lipids: 15-carbon farnesyl or 20-carbon geranylgeranyl (5) . When the amino acid in position X of the CAAX sequence is leucine, the protein is modified by GGTase-I, and a geranylgeranyl moiety is added to the CAAX cysteine via a stable thioether linkage. CAAX sequences that terminate with other amino acids are instead substrates for farnesyltransferase (FTase). Among the CAAX proteins that are substrates for GGTase-I are most Rho family proteins. Prenylation is considered essential for the biological function of small GTPases, and a great deal of in vitro experimental evidence supports this idea (6, 7) .
The best-characterized function of Rho family GTPases is regulation of the actin cytoskeleton (8) . In this way, Rho proteins control membrane protrusion and retraction and all related functions, such as motility and phagocytosis. Accordingly, leukocytes are considered to be particularly beholden to Rho proteins for their various functions, and this has been borne out experimentally. For example, Rac2-deficient leukocytes have a marked defect in chemotaxis (9) . Thus, it is easy to understand why Khan et al. expected GGTase-Ideficient leukocytes to be defective and thereby limit inflammation (3).
The mouse with GGTase-I-deficient macrophages FTase and GGTase-I are heterodimeric enzymes that combine a common a subunit with unique b subunits. Khan et al. targeted the gene encoding the GGTase-I b subunit, known as Pggt1b, to produce a conditional Pggt1b fl allele (10) . In previously published work using this allele, the authors showed that GGTase-I deficiency ameliorated K-Ras-driven cancer, suggesting that, as expected, K-Ras-mediated oncogenesis requires geranylgeranylation of Rho family proteins (10) . In the present study, Khan et The surprises came with developmental, pathophysiological, and cell biological analysis of the mice (3, 10) . Myelopoiesis was intact in Pggt1b fl/fl LC mice, which suggested that the complex process of differentiation from myeloid stem cells, which involves, among other things, production of specialized cytoplasmic vesicles, does not require GGTase-I (3, 10). Even more unexpected was the pathology: Pggt1b fl/fl LC mice developed a spontaneous, severe, and uniformly penetrant erosive inflammatory arthritis that was associated with autoantibodies and therefore strongly reminiscent of human rheumatoid arthritis (3). The disease could be transferred by syngeneic bone marrow transplantation and was reversible when Pggt1b fl/fl LC mice received wild-type bone marrow, demonstrating that hematopoietic cells, presumably of myeloid lineage, mediate the pathology. Equally striking were the cell biological results. Rather than inactive Rho family proteins, Pggt1b fl/fl LC macrophages contained RhoA, Rac1, and Cdc42 proteins that were constitutively loaded with GTP and therefore activated. Nevertheless, Pggt1b fl/fl LC macrophages showed a striking defect in spreading on tissue culture plastic, a Rho-dependent process that is a hallmark of normal macrophages. Importantly, both Rac1 and RhoA constructs engineered to be prenylated by FTase rescued this defect. Thus, GGTase-I deficiency did affect the actin cytoskeleton in a measurable way. Surprisingly, however, functional studies of motility and phagocytosis showed normal responses. Consistent with the activated Rho proteins, Pggt1b fl/fl LC macrophages secreted substantially more proinflammatory cytokines, such as TNF-a, IL-1b, and IL-6, than did Pggt1b fl/+ LC cells. These cytokines are likely pathological, as anti-TNF-a therapy abrogated the arthritis in Pggt1b fl/fl LC mice. Perhaps most perplexing is the finding that Rac1 was largely membrane associated in Pggt1b fl/fl LC macrophages.
The role of geranylgeranylation on Rho protein function
It is not clear how much of the playbook on Rho proteins needs to be rewritten in light of these findings. Rho proteins are regulated by three classes of accessory molecules: guanine nucleotide exchange factors (GEFs), Rho GDP-dissociation inhibitors (RhoGDIs), and Rho GTPase-activating proteins (RhoGAPs). It is believed that prenylation of the GTPase is required for each of these regulatory proteins to exert its effects (Figure 1) . First, GEFs activate Rho proteins by catalyzing the exchange of GDP for GTP. Rho GEFs, such as TIAM1 and VAV1, are activated by recruitment to the plasma membrane (11, 12) , which suggests that only membrane-associated, and therefore prenylated, Rho proteins are substrates for GEFs. This view may have to be revised given the authors' finding that Rho proteins were, if anything, more GTPbound in the absence of prenylation (3).
Second, RhoGDI is a cytosolic chaperone for Rho proteins that retains them in an inactive, GDP-bound state. RhoGDI renders prenylated Rho proteins soluble by shielding their lipid moieties (13) . Indeed, the cocrystal of Cdc42 with RhoGDI (14) shows a hydrophobic pocket for the lipid and strongly suggests that geranylgeranylation is required for the two proteins to bind. Curiously, Khan et al. found that, although Rac1 and Cdc42 binding to RhoGDI was diminished but not abolished in Pggt1b fl/fl LC macrophages, RhoA binding to RhoGDI was unaffected (3), suggestive of relatively strong protein-protein interactions in the absence of the protein-lipid interaction. Finally, RhoGAPs are accessory proteins required for hydrolysis of GTP bound to Rho proteins. They are therefore essential negative regulators of Rho signaling. The ability of RhoGAP to regulate Rho proteins has been shown to depend on prenylation of the latter (15) . If RhoGAPs are more dependent than are GEFs on geranylgeranylation, it could explain why Khan et al. found Rho GTPases to be constitutively active in GGTase-I-deficient macrophages (3).
How could Rac1 retain membrane association without prenylation? Rac1 has a C-terminal polybasic motif that may be 
sufficient to mediate association with the negatively charged cytoplasmic leaflet of cellular membranes (16) . Curiously, in cultured mammalian cells, nonprenylated Rac1 is efficiently transported into the nucleus by virtue of a strong C-terminal nuclear localization signal (17), a finding that Khan et al. could not confirm in Pggt1b fl/fl LC macrophages (3) . Like Rho proteins, Ras is generally considered to require prenylation to function (6) because it too engages its regulatory proteins and effectors at cellular membranes. Interestingly, one recent study found that nonprenylated Ras could support photoreceptor development in flies (18) , which indicates that in some contexts, small GTPases can function in the absence of prenylation.
GGTase-I has many substrates
Rho proteins are not the only important substrates for GGTase-I. Indeed, the human genome encodes 60 proteins that are putative substrates, 25 of which have been validated experimentally (19) . Among these are non-GTPases, including enzymes such as 2′,3′-cyclic nucleotide 3′-phosphodiesterase and aldehyde dehydrogenase 7 and 8. In addition to Rho family GTPases, the Ras family GTPases Rap and Ral are geranylgeranylated. Strong evidence links Rap1 to inside-out signaling by integrins, including those that mediate the leukocyte adhesion required for cell migration (20) . Moreover, Rap1a-null mice have defective macrophages (21). Khan et al.'s observation that Pggt1b fl/fl LC macrophages can migrate, including into the inflamed peritoneal cavity (3), suggests that integrin activation does not require geranylgeranylated Rap1. Perhaps most provocative, 10 of 12 heterotrimeric G protein g subunits are substrates for GGTase-I (19) . Thus, the overwhelming majority of GPCR signaling would appear to require geranylgeranylation. Since normal macrophage function relies on a myriad of GPCRs, the authors' results are all the more perplexing.
Macrophage-driven arthritis and GGTase-I inhibitors
Autoimmune inflammatory arthritis is thought to be a T cell-driven disease, with myeloid cells acting as effectors (22) . The results of Khan et al. force a reassessment of this paradigm because the evidence for a causative role of macrophages in the pathogenesis of the arthritis observed is unassailable (3). Since macrophages are the most prodigious source of TNF-a, which is pathogenic in rheumatoid arthritis, the ability of this type of leukocyte to drive the disease is not without logic. One plausible model might be that, in the absence of GGTase-I, macrophages no longer require signals from T cells to secrete inflammatory cytokines.
The authors' findings have implications for drug development. The Ras trafficking pathway has long been considered the Achilles' heel of the oncoprotein. FTase inhibitors failed in the clinic because oncogenic K-Ras and N-Ras can escape the blockade by serving as substrates for GGTase-I (23). This has led to an effort to develop GGTase-I inhibitors as anticancer drugs (24, 25) . If pharmacological inhibition of GGTase-I has the same effects as genetic disruption of Pggt1b, as suggested by some of the data presented by Khan et al. (3), then one might expect such drugs to exhibit significant toxicity in the form of autoimmune disease.
Unanswered questions
Experimental results often raise more questions than they answer. In the case of unexpected results like those of Khan et al. (3) , this is even truer. Why are GGTase-Ideficient myeloid cells so different from fibroblasts, which the authors previously reported underwent a proliferative arrest and failed to migrate (10)? Is geranylgeranylation really dispensable for the function of Rho, Rap, and Ral small GTPases, as well as heterotrimeric G proteins in macrophages? If so, why is geranylgeranylation conserved through evolution? Are alternate membrane-targeting pathways operating in the GGTase-I-deficient macrophages? Why are farnesylated RhoA and Rac1 interchangeable in rescuing the morphological phenotype of Pggt1b fl/fl LC macrophages, when these proteins have opposite effects on actin remodeling? What proteins lacking geranylgeranylation are responsible for augmented cytokine production, and what is the mechanism? Are lymphocytes, especially Th17 cells, required for the inflammatory arthritis driven by Pggt1b fl/fl LC macrophages? Do Pggt1b fl/fl LC macrophages inhibit Tregs?
Mouse models are powerful tools. Even when they reveal unexpected results, they offer a ready way to explain them with further study. I expect that the Pggt1b fl/fl LC mice described here have much more to teach us about the role of prenylation in GTPase function and about the role of macrophages in inflammatory arthritis.
Three-dimensional organization of the electrical conduction system allows the heart to generate rhythmic forward flow of the blood ( Figure 1A ). After triggering atrial contraction, the electrical impulses are delayed at the atrioventricular (AV) junction for an optimal period of time that allows the ventricles to fill up with blood before ventricular contraction is initiated. In adult hearts, this delay is attributable to slow conduction by specialized cardiomyocytes in the AV node. After this delay, the electrical impulses rapidly travel to the ventricular chamber myocardium via the His-Purkinje system and stimulate ventricular contraction. The AV node/His-bundle pathway is the only muscular connection between the atrial and ventricular chambers, which are electrically insulated from each other by the annulus fibrosus, a ring-like structure that consists of connective tissues impermeable to electrical propagation.
Development of the AV conduction system involves a precisely coordinated process of cellular differentiation and multicellular morphogenesis. Therefore, even subtle perturbation of the developmental process can give rise to anatomical or functional defects of the cardiac conduction system and thereby causes serious arrhythmias. For example, in patients with Wolff-Parkinson-White (WPW) syndrome, in addition to the AV node/His-Purkinje system pathway, extra electrically active muscular connections known as accessory pathways exist between the atria and ventricles. Electrical impulses travel via accessory pathways and induce earlier contraction of the ventricular myocardium (preexcitation) than do electrical impulses traveling via the AV node/His-Purkinje system. In this situation, antegrade AV nodal conduction may immediately trigger retrograde conduction through the accessory pathways and re-excite the atria, leading to initiation and perpetuation of reentrant tachycardia. Even more ominous is the rapid and preexcited ventricular response to atrial fibrillation in patients with WPW syndrome, which can precipitate life-threatening ventricular fibrillation. Despite the clinical importance of ventricular preexcitation, the underlying molecular mechanisms have not been well understood. In this issue of the JCI, two independent research groups report genetic approaches in mice that shed light on the mechanisms for accessory pathway formation and ventricular preexcitation (1, 2) . Specifically, the data from both groups support the notion that missteps during development of the AV canal give rise to ventricular preexcitation.
Defective formation of the annulus fibrosus
Molecular insights into the mechanisms underlying ventricular preexcitation were not elucidated until a candidate gene for a familial form of WPW syndrome was identified (3, 4) . In two unrelated families with WPW syndrome accompanied by hypertrophic cardiomyopathy, a dominant missense mutation (R302Q) was observed in the gene that encodes the g2 regulatory subunit of AMP-activated protein kinase (AMPK), PRKAG2 (3, 4) . Subsequent biochemical and histological studies indicated that PRKAG2 mutations affect the basal activity of AMPK, a "fuel gauge" participating in the regulation of energy homeostasis (5) . Transgenic mice overexpressing human PRKAG2 with a WPW syndrome-causing mutation, such as R302Q or N488I, in the heart, showed cardiac glycogen storage and manifested ventricular hypertrophy and preexcitation (6, 7) . Strikingly, histopathology of the hearts revealed that the annulus fibrosus was disrupted by intercalation of glycogen-loaded cardiomyocytes. These studies have impliNavigational error in the heart leads to premature ventricular excitation
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In the normal heart, an insulating barrier separates the atria and ventricles. The only way in which electrical impulses can cross this barrier is via the atrioventricular (AV) node, which delays impulse conduction to ensure the forward flow of the blood. However, in some individuals, additional muscular bundles (accessory pathways) allow rapid conduction of electrical impulses from the atria to the ventricles, resulting in premature ventricular excitation and contraction. In this issue of the JCI, two independent research groups demonstrate that erroneous development of the embryonic AV canal, which performs a similar function to that of the adult AV node, is a novel mechanism by which accessory pathways can form.
